Summary. An analysis of atmospheric refractivity profiles observed by the geo-research satellite CHAMP between May 2001 and October 2004 reveals a negative bias compared to ECMWF meteorological fields at altitudes below 5 km. In order to separate bias contributions caused by critical refraction from contributions induced by the receiver tracking process a comprehensive end-to-end simulation study was performed. The simulations are based on radio sonde profiles obtained aboard research vessel "POLARSTERN". Within a subset of 3039 profiles recorded on the Atlantic ocean between 60
• N and 60
• S, 1202 profiles (39.6%) are found with vertical refractivity gradients below the threshold value of −157 km −1 . Critical refraction layers occur mainly between 1 to 2.5 km altitude, above 3 km the occurrence of critical refraction can be disregarded. End-to-end simulations using these 3039 refractivity profiles confirm that four quadrant carrier phase extraction outperforms the two quadrant method currently implemented on CHAMP. Within regions of low signal-to-noise ratios 'open-loop' tracking methods yield improvements with respect to the current 'fly-wheeling' method.
Introduction
Atmospheric sounding by means of Global Positioning System (GPS) radio occultation (RO) may contribute to improvements in numerical weather prediction and climate change studies. Validation studies of past and current RO satellite missions, however, indicate systematic deviations between retrieved refractivities and corresponding data from meteorological analyses in the lower troposphere at tropical latitudes. These biases have been identified and discussed already in the GPS/MET validation study (Rocken et al, 1997) . Similar biases are observed in the CHAMP data set Marquardt et al, 2003; Ao et al, 2003a; Hajj et al, 2004) .
The CHAMP geo-research satellite was launched on 15 July 2000 and collects atmospheric occultation profiles since 11 Febru-ary 2001. As of 31 October 2004 the "BlackJack" occultation receiver aboard CHAMP has recorded 270,573 occultation events since activation of the operational occultation mode on 14 May 2001; 63.5% of these events pass the quality control criteria and are processed to profiles of atmospheric refractivity (Wickert et al, 2001 Hajj et al, 2004) . For more detailed accounts of the RO methodology see e.g. Melbourne et al (1994) ; Kursinski et al (1997) ; Hajj et al (2002) . 
Data analysis and discussion

Radio sonde observations
For more than 20 years Alfred Wegener Institute for Polar and Marine Research (AWI) performs aerological soundings of atmospheric temperature and humidity aboard research vessel "POLARSTERN" using Vaisala RS80 sondes (Vaisala, 1989) . As of 28 August 2004 the data archive operated by AWI contains 23,676 measurements starting on 29 December 1982. Critical refraction in the lower troposphere induced by vertical gradients of the water vapour distribution occurs predominately at low and mid latitudes. Thus, we focus on a subset of 3039 profiles collected between 60
• S and 60 • N.
In Fig. 1 (left panel) the correlation between minimum vertical refractivity gradient and its altitude is plotted; 39.6% of the observed profiles exhibit critical refraction with vertical gradients below −157 km −1 (dashed line). The right panel shows the histogram distribution of altitudes with critical refraction. Thus, critical refraction is a frequent phenomenon, at least in the marine environment, but it is restricted to altitudes below 2.5-3 km. 
CHAMP occultation data
As of 31 October 2004 (day of year 305) 270,573 radio occultation events are collected by the occultation experiment aboard CHAMP. A fraction of 63.5% (171,942 observations) pass the quality control criteria of the operational processing software and are converted to vertical profiles of atmospheric refractivity. Version 5 of GFZ's occultation processing software (POCS) utilizes the Full Spectrum Inversion (FSI) method (Jensen et al, 2003) to obtain bending angle profiles in the troposphere. For details see Wickert et al (2001 Wickert et al ( , 2004 .
The retrieved CHAMP refractivity profiles are intercompared with meteorological analysis results provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). ECMWF pressure and temperature values are calculated by linear interpolation between grid points (0.5
Linear interpolation in time is performed between 6 h ECMWF analyses fields. The comparison between RO observation and ECMWF is performed on the 60 pressure levels provided by the ECMWF atmospheric model ranging from the ground surface up to 0.1 hPa (about 60 km altitude). Within the altitude range relevant for this study vertical spacing of the model grid points increases from about 200 m at 1 km altitude to about 700 m at 10 km altitude. The mean fractional refractivity error and its standard deviation is shown in Fig. 2 (left panel) for a subset of 18,755 profiles observed within the region of 60
• N-60
• N and 45
• W-15 • W. In the right panel the number of retrieved data points is plotted; only 50% of the profiles reach below an altitude of z 50% = 1.98 km. 
Simulation results
The objective of the simulations is to separate receiver-induced bias contributions from those caused by critical refraction. For efficiency the simulation methodology described in Beyerle et al (2003) has been modified following Ao et al (2003b) . From the sonde refractivity profile GPS carrier phase and amplitude data are modelled using the inverse FSI (Gorbunov and Lauritsen, 2004) . The simulated data are tracked with software receivers producing amplitude and phase data. Finally, bending angles are calculated with the FSI method (Jensen et al, 2003) and refractivity profiles are obtained. We consider three receiver models: first, the ideal receiver exactly reproduces the input data; second, a 'fly-wheeling' receiver (Hajj et al, 2004) with two quadrant carrier phase extraction ; and, third, an 'open-loop' receiver using four quadrant extraction (Sokolovskiy, 2001) . In open-loop tracking the model is taken to be the ensemble average over 3039 Doppler profiles calculated from the data set of sonde observations. To validate the implementation of the signal tracking process we compare the carrier phase-locked loop thermal noise σ PLL with the theoretically predicted value for a given voltage signal-to-nose ratio SNR v (Ward, 1996) Fig. 4 presents the retrieval error in terms of the fractional refractivity deviation between retrieved and true refractivity for the three receiver models. Critical refraction causes a negative bias of up to −1% within the planetary boundary layer (full line). About −0.3% bias above 2.5 km in the 'fly-wheeling' profiles is attributed to receiver-induced signal tracking errors. 'Open-loop' tracking (dashed-dotted lines) performs better than 'fly-wheeling' in this altitude region and almost reproduces the ideal receiver profile (dashed-dotted vs. full lines).
Conclusions
An statistical analysis of 3039 radio sonde observations above the Atlantic ocean suggests that critical refraction is a frequent phenomenon in the lower troposphere; it is, however, restricted to altitudes below 2.5-3 km. CHAMP occultation profiles exhibit a negative bias at altitudes up to 5 km. On average, only 50% of the profiles reach below 2 km altitude at mid and low latitudes. Simulation studies reproduce on a qualitative level the tracking behavior of the CHAMP occultation receiver and suggest a significant improvement by implementing advanced 'open-loop' tracking schemes.
